Abstract Feeding is a rhythmic behavior that consists of several component cycle types. How the timing of these cycles changes over a complete feeding sequence is not well known. To test the hypothesis that cycle frequency/ duration changes as a function of time spent feeding, we examined complete feeding sequences in six infant pigs, using EMG of mylohyoid and thyrohyoid as cycle markers. We measured the instantaneous frequency of sucking and of swallowing cycles in 19 sequences. Each sequence contained three qualitatively distinctive phases of sucking frequency. Phase 1 started with cycles at a very high frequency and quickly dropped to a more constant level with low variation, which characterized phase 2. Phase 3 had a steady level of frequency but was interspersed with a number of high-or low-frequency cycles. Each phase differed from the others in patterns of within-phase variation and among-phase variation. Phase 2 had the least variation, and phase 3 had the largest range of frequencies. The number of sucks per swallow also differed among phases. These patterns, which characterize normative feeding, could indicate a physiologic basis in satiation. In human infant clinical studies, where data collection is often limited, these results indicated the utility of collecting data in different phases. Finally, these results can be used as a template or pattern with which to assess clinically compromised infants.
Introduction
Adult mammalian feeding is rhythmic behavior that consists of several component behaviors [17, 18] . The relationships among these components, which include stage 1 intraoral transport, mastication, stage 2 intraoral transport, and swallowing (or the pharyngeal swallow), are complex and incompletely understood [17] [18] [19] . The biomechanics and physiology of many of these individual behaviors are well studied and known [9, 10, 13, 17] . However, the coordination among these components and how that coordination changes over the course of a meal, or feeding session, is less well known.
Normal infant suckling is a good model for exploring the timing of behaviors over a complete feeding session, in part because it includes fewer components and is a simpler behavior [2, 6, 15, 31, 34] . Unlike the multiple types of cycles in adult feeding, infant feeding has essentially two types of cycles: suck cycles, which include intraoral transport, and suck-swallow cycles, when one bolus is transported through the oral cavity and the previous bolus passes through the oropharynx into the esophagus [30] .
The biomechanics and muscle activity patterns, as well as basic information on the neural control of infant feeding, are well documented [5, 14, [28] [29] [30] . Several authors have described various problems with infant feeding [1, 6, 25, 26, 32] . Yet, most of this work focuses on isolated swallows or a few cycles after feeding on one bite. Seldom is an entire sequence characterized and tested against null hypotheses. Arvedson [1] , one of the few researchers to consider this problem, states:
Some infants may take a few minutes to ''warm up.'' If the feeding observation is stopped after 5 min, an erroneous impression might be made. On the other hand, an infant may start out well, become disorganized, and show signs of fatigue as the feeding progresses.
This statement indicates the importance of a quantified basis and understanding of normal timing and changes across a feeding sequence, to measure what aspects of feeding are disordered in an infant that aspirates or has other feeding difficulties. Therefore, in our study we determined what the normal rhythm and timing is in suck and suck-swallow cycles throughout a feeding sequence.
To do this, we examined 19 complete sequences obtained from six infant pigs to determine if (1) the rate of sucking, (2) the rate of swallowing, and (3) the number of sucks per swallow change over the course of a complete feeding session in a normal feeding animal. We used EMG signals as markers of cycle timing because they have a very fine time resolution.
Our null hypothesis was that sucking and swallowing rates were constant over a feeding sequence. However, Arvedson's perspective [1] and earlier work on infant pigs [14] suggested an alternative of changing rates over a feeding session or sequence. Understanding normal timing and changes across a feeding sequence with a quantified basis could lead to a better understanding on general feeding behavior.
Methods

Animal Model
This study included six infant pigs (Sus scrofa) that were 2-3 weeks old and weighed 3.0-5.5 kg (Tom Morris Farms, Reisterstown, MD). At this age and size, the animals were comparable to 6-12-month-old human infants as judged by tooth eruption, weaning status, and skeletal development [2, 31, 34] .
The developmental patterns of feeding infants are remarkably similar across most species of mammals [12, 15] . Infant pigs have been used in previous studies of normal feeding and swallowing neurophysiology, and thus a large body of comparable data exists for comparison with the results of this study [3, 11, 16, 20, 21] . The data used here were collected as control data in other studies of dysphagia [7, 8, 22, 23] . The methods used are described in detail in those articles and briefly reviewed here. All work was done with Johns Hopkins University IACUC approval (approval No. SW10M212).
The infant pigs were trained to feed from a standard baby bottle, fitted with a special elongated pig nipple (Nasco, Fort Atkinson, WI). Presurgery control data were collected to ensure that the kinematics was not impacted by electrode placement. Under general anesthesia (2-5 % isoflurane) and aseptic conditions, the suprahyoid and infrahyoid muscles were exposed via a midline submandibular incision and individually identified following an atlas of pig anatomy [27] . Fine-wire bipolar electromyographic (EMG) electrodes were inserted into many muscles; however, only signals from the mylohyoid (MH) and thyrohyoid (TH) muscles were used to identify suck and suck-swallow cycles, respectively. Here on in, we refer to suck-swallow cycles as ''swallow cycles'' for convenience. It should be noted that in every swallow cycle, a suck with its subsequent transport of milk occurs in addition to the swallow [30] . A postmortem was performed at the end of experiments to confirm the position and state of the electrodes.
The entire surgical procedure lasted 2-4 h. Following recovery from anesthesia and after quadrupedal posture, the animals were offered milk every hour until they were able to feed normally. Postoperatively, the following medications were administered and were continued for the duration of the experiment: ampicillin (.16 mL of 250 mg/ mL) and buprenorphine (.17 mL of .3 mg/mL) twice daily and meloxicam (.1 mL of 5 mg/mL) once daily.
Feeding Sessions
During the feeding sessions, each pig stood, without restraint, and fed from a bottle that was warmed in a hot water bath for approximately 2 min to ensure standardized temperature. The pig determined the duration of the feeding and the amount of milk ingested; all animals were permitted to feed until they voluntarily stopped feeding. The milk was a commercial pig milk replacer (Land O Lakes Solustart pig milk replacer, St. Paul, MN). Throughout the feeding session, EMG signals were recorded at 10 kHz on a Powerlab 30/16 (ADInstruments, Colorado Springs, CO). Feeding sessions were 4 h apart and lasted from 3 to 10 min, with an average of 6 min.
Data Analysis
Timing of cycles was determined from the raw EMG signals recorded from the mylohyoid (MH, suck cycles) and thyrohyoid (TH, suck-swallow cycles, referred to as ''swallow'' cycles here) muscles following Thexton et al. [30] . The EMG signals were used a cycle markers, not as measures of a particular kinematic movement. These muscles are frequently monitored in human studies for a similar purpose of identifying the time of the swallow or of jaw movement [4] . EMG signals are more accurate than corresponding kinematic measures because the EMG is recorded at 10 kHz, rather than at 30 or 60 Hz that is used for fluoroscopic imaging data. The MH is active with each suck cycle, including the suck-swallow cycles. The TH is active only in the cycles that contain a pharyngeal swallow. The start of the cycle was manually determined from the onset of MH EMG and marked in each sequence using LabChart Ò 7 (ADInstruments, Colorado Springs, CO). Sucking frequency was an ''instantaneous'' frequency and calculated as the inverse of the time from the beginning of MH activity in one cycle to the beginning of MH activity in the next cycle. Similarly, swallow frequency was also ''instantaneous'' and calculated as the inverse of the time between pharyngeal swallows, as marked by the TH activity. The number of suck, or oral transport, cycles per pharyngeal swallow was calculated by counting the number of suck cycles (MH activity) between swallow cycles (TH activity). The data set consisted of 19 sequences, which included 17,678 suck cycles and 2,839 swallow cycles.
Three analyses were performed. In the first two, the unit of analysis for suck and swallow frequency analyses was the cycle, indexed at the time it occurred in the feeding sequence. Each sequence was analyzed by fitting a linear model (regression) to the (1) instantaneous suck frequency and (2) instantaneous swallow frequency, as a function of time. The coefficients (slope and intercept) of these regressions measured change in frequency or sucks per swallow (slope) and the starting frequency (intercept). A subsequent analysis used the slope and intercept of each sequence for a comparison among the slopes; thus, the unit of analysis became a sequence. There were two hierarchical levels of variation that were measured in these analyses. The first is the standard error (SE) of slope and intercept as calculated in the initial linear models, and measured the variation of slope or intercept within a sequence. For the slope, this indicated the goodness of fit of the line to the data. A low SE means that there was relatively little variation in frequency around the line that described the change in frequency within the sequence, and a high SE means that there was greater variation in frequency around the slope. Because the sequence became the unit of analysis, the variation among sequences was a different measure of variation. Thus, we also generated a measure of variation among the slopes across the 19 sequences in the data set. This was indicated as error bars in the figures and measured variation among individuals or sequences.
The final analysis (3) calculated the number of sucks per swallow in each sequence. For the number of sucks per swallow, the unit of analysis was a swallow cycle.
Initial exploration of the raw data revealed obvious qualitative changes over time within each sequence (Fig. 1 ). These differences were characterized as phases and were analyzed using distinct subsets of the data. The phases were visually identified by two different authors (RZG, EGN). We tested for differences among phases with ANOVA, using individual as a random factor. All statistical analyses were performed using SYSTAT 13 (SYSTAT Software, Inc., Chicago, IL).
Results
Within-Sequence Variation
The average feeding sequence lasted 307.0 s and ranged from 145.9 to 731.7 s ( Table 1) . Each of the feeding sequences in these data contained three qualitatively distinctive phases of sucking frequency. The phases were characterized by changes in slope and variation for the model fit to frequency versus time in sequence (Fig. 2) . Phase 1 started with a very high frequency and quickly dropped to a more constant level with low variation. Reaching this constant level constituted the beginning of phase 2. Phase 3 did not have a systematic change in frequency over time; however, it had a relatively small number of occurrences of very high or low frequency cycles. The break between phase 1 and phase 2 was the point at which the frequency leveled off into a relatively constant value. The break between phase 2 and phase 3 was the occurrence of the first either very-high-or very-lowfrequency cycle ([1.0 Hz). The timing of the breaks among the phases of the suck cycles was used to divide the sequence of swallow cycles and the change in sucks per swallow over time. The phases also lasted variable amounts of time, with, on average, phase 1 shorter than phase 2, which was shorter than phase 3 ( Table 1) .
Frequency of Suck Cycles
The three phases had different slopes, intercepts, and SEs of slopes and intercepts (Fig. 3a-d) . The slopes, indicating change in sucking frequency, were negative in phase 1 and different from phases 2 and 3 (p \ 0.001). The animals started sucking rapidly, but the frequency then dropped. Phases 2 and 3 had slopes that were not different from 0 (p [ 0.9), indicating no change in frequency during these phases. The intercepts for each phase of the model decreased from phase 1 to phase 2 to phase 3 (p \ 0.001). This indicates that at the start of each phase, the animals sucked at a lower rate than in the prior phase. The SE (slope) was different in phase 1 (p \ 0.001), indicating variation change in sucking frequency in that phase compared to that in phases 2 and 3, which were not different (p [ 0.97). The SE (intercept) was much higher in phase 3 (p \ 0.001), with phases 1 and 2 not different (p [ 0.45).
Frequency of Swallow Cycles
The three phases were different in slopes, intercepts, and SEs of slopes and intercepts ( Fig. 4a-d) for swallow frequency over time, following much the same pattern as for sucking frequency over time. The slopes, indicating change in swallowing frequency, were negative in phase 1. The animals started swallowing very frequently, but the frequency then dropped in value. Phases 2 and 3 had slopes that were not different from 0 (p [ 0.82), indicating no change in frequency during these phases, but both were different from phase 1 (p \ 0.05). The intercepts for each phase of the model decreased from phase 1 to phase 2 to phase 3 (p \ 0.001). This indicates that at the start of each phase, the animals swallowed at a lower rate than in the prior phase. The SE (slope) was different in phase 1 from that in phases 2 and 3 (p \ 0.001), indicating more variation in swallowing frequency in phase 1 than in phases 2 and 3, which were not different from each other (p [ 0.86). The SE (intercept) was higher in phase 1 (p \ 0.05).
Sucks per Swallow
The sucks per swallow had distinct patterns for each phase (Fig. 5a-c) . Measured over each phase for the entire data set, the average number of sucks per swallow was highest in phase 3 (x = 8.14, p \ 0.005), with the sucks per swallow in phase 1 (x = 3.98) and phase 2 (x = 4.57) not being statistically different from each other. The range and SE for sucks per swallow showed different patterns of variation. The range of values over the sequences, i.e., the difference between the smallest number of sucks per swallow and the largest number of sucks per swallow, was highest in phase 3 and different from that in phases 1 and 2 (p \ 0.001) although phases 1 and 2 were not different from each other. The SE of sucks per swallow was significantly lower in phase 2, indicating less variation in this measure for phase 2 relative to the others (p \ 0.005).
Discussion
Limitations of this Study
We studied the naturally occurring time-related changes in the rates of suckling and swallowing. Six bottle-fed pigs generated some 20,000 cycles of sucking and swallowing. A consistent finding from these cycles was that the rates of sucking differed between ''early,'' ''mid,'' and ''later'' suckling periods within a While there could obviously be some random (or even systematic) variation in individual suck volumes, the general suck volume trends over substantial numbers of ''early'' periods are likely to be the same; the same argument would also apply to mid and late periods. In normal feeding animals, various changes in cycle characteristics occurred as a function of time, in each feeding sequence. The changes in cycle defined three phases, and although we recognize that this was a relatively simple distinction, it was one that made a relatively straightforward quantitative analysis possible. We considered using other strategies such as fitting a complex curve or sampling a smaller time window, such as 2-3 s at the beginning and end. None of these options, however, would have captured the complexity of changes that we were able to quantify and test using the three-phase method.
Three Phases of Feeding Frequency
Across all animals and sequences, there was an initial phase of high-frequency sucking cycles that decreased in frequency over the first 520 s of feeding. The variation around this change in frequency was high within each sequence. This pattern also held for the changes in swallow frequency. The animals next reached a steady state of sucking, with no significant change in frequency, i.e., slopes of zero for phase 2 and phase 3. The variation around these regression lines, as measured by the standard error (SE), was minimal compared to that of phase 1. Phase 3 was defined as the start of very-low-frequency cycles, or cycles of more than 1-2 s in duration. The difference between phase 2 and phase 3 was in the value of the frequency of suck cycles vs. time, as measured by the intercept. It was significantly lower in phase 3, although with more variation, both within and between sequences. This reflects the finding that phase 3 contained extreme value cycles. These cycles were scattered throughout phase 3, so that while there was not a significant slope change, the overall effect was to lower the average frequency, as measured by the intercept for a horizontal line. In the case of swallow cycles, the patterns for phase 2 and phase 3 were similar to those for suck cycles.
The results from the analysis of sucks per swallow also differed from our null hypothesis. The number of sucks per swallow was the same in phases 1 and 2, even though the rates of sucking changed. In phase 3 there were more sucks per swallow. The two measures we used to capture the patterns of variation in sucks per swallow-range and standard error (SE)-produced two different patterns. The range, which measures extremes, was much higher in phase 3 than in phases 1 and 2. This is consistent with, and a likely result of, of the definition of phase 3 as the time when extreme values of cycle frequency started. The range of sucks per swallow was the same in phases 1 and 2. The SE of sucks per swallow, which measured within-sequence variability, indicated that despite these extreme values, phase 3 had the same amount of variation around the mean number of sucks per swallow as did phase 1. Phase 2, however, had much less variation in the number sucks per swallow across a sequence. This again supports the qualitative assessment that phase 2 is a more stable phase than either the beginning or the end.
These results taken together suggest a distinct character for each of these phases. Phase 1 has a changing value of sucking and swallowing frequency. This is similar to what we previously documented [14] , although the earlier study had a more complex design. While the number of sucks per swallow was similar, it was much more variable in this phase than in phase 2. Phase 2 is characterized by a very steady and constant behavior. The SE of sucking and swallowing frequency and the SE of sucks per swallow are all very low, while these measures vary in phases 1 and 3. Finally, phase 3, which always lasted the longest, was characterized by a more variable behavior.
The Physiologic Basis of Changing Frequencies
There are several possible explanations for the physiologic basis of this pattern of change. One of the most likely is the changing levels of satiation. An animal, or infant, that is hungry will start out feeding very quickly and then settle down to a more constant steady feeding as immediate hunger is reduced. As satiation increases, the animals are increasingly distracted and less interested in feeding. This pattern is similar to that of one animal in our previous study that suckled with multiple starts and stops [14] . As satiation increased, the level of interest in feeding decreased until it completely vanished which indicated the end of the feeding sequence. Yet in that study we occasionally observed another pattern that does not support this conclusion. Animals would occasionally ''break off'' from sucking for a short period of time, up to about 0.5-1.5 s. When they started sucking again, it was always at a higher rate. This pattern appeared to be a series of pairs of phase 1 and phase 2.
An alternate explanation for slowing down or longer cycles in phase 3 could be fatigue. Although sucking and swallowing are not ''power'' behaviors, such as mastication of hard food, they still require significant muscle activity. Many of the supra-and infrahyoid muscles involved are much smaller, parallel-fibered muscles, some with negligible cross-sectional area [24, 33] . It is possible that over time some of these muscles tire.
Finally, another explanation would be that the nipple is a source of enjoyment for the infants. Based on our observations, it was noted that the infant pigs were reluctant to give up the nipple even at the late stages of the feeding sequence. Thus, even if tired, full, or not interested, they would continue to feed at a slower rate, with small breaks, most likely because the nipple was a source of enjoyment to them. We have occasionally observed animals that play with the nipple, pulling on it, pushing on it with their nose, or other nonfeeding behaviors, rather than walking away from the nipple once their feeding needs were met.
Although these scenarios possibly explain some of the general feeding behaviors in normal-feeding animals, further research is needed to identify the specific source of the changes in frequency that occur during a regular feeding sequence.
Implications of These Results for Clinical Studies
The changes in feeding rates that we documented occurred in normal animals, freely feeding at their own pace. Because this is an animal model, there were no limitations on the amount of data we could collect; essentially, we could get data at every feeding. That is not always true in human clinical studies, particularly those that involve compromised children with feeding concerns. The existence of this variation in feeding is an important consideration for human data collection. If it is not possible to collect a complete sequence, then phase 2 data are likely representative of the neuromuscular and kinematic pattern of feeding that represents the majority of nutrient intake. If measuring the potential upper limit on feeding speed, then phase 1 would provide additional information on potential abilities.
The patterns of variation may also be important for understanding how feeding is compromised. If phase 3 does represent a change due to satiation, a lack of change in frequency or of phase 3, even after a long feeding bout, may suggest a lack of satiation. Thus, these results can be used as a template or pattern against which to compare a simple measure (sucking or swallowing frequency) in clinically compromised infants. Our research has identified individual phase variations to better understand the coordination among several component behaviors, therefore improving our understanding of general feeding behavior.
